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ABSTRACT

We use recent data obtained by three (OSSE, BATSE, and COMPTEL) of four instruments on board
the Compton Gamma Ray Observatory (CGRO) to construct a model of Cyg X-1 that describes its emis-
sion in a broad energy range, from soft X-rays to MeV y-rays, self-consistently. The y-ray emission is
interpreted to be the result of Comptonization, bremsstrahlung, and positron annihilation in a hot, opti-
cally thin, and spatially extended region surrounding the whole accretion disk. For the X-ray emission, a
standard corona-disk model is applied. We show that the Cyg X-1 spectrum accumulated by the CGRO
instruments during a ~4 year time period between 1991 and 1995, as well as the HEAO 3 y, and y,
spectra, can be well represented by our model. The derived parameters match the observational results

obtained from X-ray measurements.

Subject headings: elementary particles — gamma rays: theory — plasmas —
radiation mechanisms: nonthermal — scattering — stars: individual (Cyg X-1)

1. INTRODUCTION

One of the brightest sources in the low-energy y-ray sky,
Cyg X-1 has been extensively studied during the three
decades since its discovery (Bowyer et al. 1965; for a review,
see Oda 1977; Liang & Nolan 1984). It is a high-mass
binary system (HDE 226868) with an orbital period of 5.6
days and consisting of a blue supergiant and, presumably, a
black hole (BH) with a mass in excess of 5 M i, (Dolan 1992).
The separation of the two components is ~4 x 10'? ¢cm
(Beall et al. 1984). A periodicity of 294 days found in X-ray
and optical light curves is thought to be related to precess-
ion of the accretion disk (Priedhorsky, Terrell, & Holt 1983;
Kemp et al. 1983).

The X-ray flux of Cyg X-1 varies on all observed time-
scales down to a few milliseconds (e.g., Cui et al. 1997), but
the average flux exhibits roughly a two-modal behavior.
Most of the time Cyg X-1 stays in a so-called “low ™ state,
where the soft X-ray luminosity (2-10 keV) is low. The low-
state spectrum is hard and can be described by a power law
with a photon index of ~1.7 in the 10-150 keV energy
band. There are occasional periods of “high ”-state emis-
sion, in which the spectrum consists of a relatively stable,
soft, blackbody component and a weak, variable, hard
power-law component. The anticorrelation between the soft
and hard X-ray components is remarkable (Liang & Nolan
1984) and is clearly seen during the transition phases
between the two states.

Cyg X-1 is believed to be powered by accretion through
an accretion disk. Its X-ray spectrum indicates the existence
of a hot X-ray—emitting and a cold-reflecting gas. The soft
blackbody component is thought to consist of thermal
emission from an optically thick and cool accretion disk
(Shakura & Sunyaev 1973; Pringle 1981; Batucinska-
Church et al. 1995). The hard X-ray part (= 10 keV) with a
break at ~ 150 keV has been attributed to thermal emission
of the accreting matter Comptonized by a hot corona with
temperature from tens to hundreds of keV (Bisnovatyi-
Kogan & Blinnikov 1976; Sunyaev & Titarchuk 1980;
Liang & Nolan 1984). A broad hump peaking at ~20 keV
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(Done et al. 1992), an iron Ko emission line at ~6.2 keV
with an equivalent width ~100 eV (Barr, White, & Page
1985; Kitamoto et al. 1990; see also Ebisawa et al. 1996 and
references therein), and a strong iron K-edge (e.g., see Inoue
1989; Tanaka 1991; Ebisawa et al. 1992, 1996) have been
interpreted as signatures of Compton reflection of hard
X-rays off cold-accreting material.

In addition, there have also been sporadic reports of a
hard spectral component extending into the MeV region.
The most famous one was the so-called “MeV bump”
observed at a 5 ¢ level during the HEAO 3 mission (Ling et
al. 1987). For a discussion of the pre—Compton Gamma Ray
Observatory (CGRO) data and y-ray emission mechanisms
see, e.g., a review by Owens & McConnell (1992). The
COMPTEL spectrum, accumulated over 15 weeks of real
observation time during the 1991-1995 time period, shows
significant emission out to several MeV (McConnell et al.
1997), which, however, always remained—by more than an
order of magnitude—below the MeV bump reported from
the HEAO 3 mission.

The annihilation line search provided only tentative
(1.9 o) evidence for a weak 511 keV line with a flux of
(4.4 +2.4) x 10~* photons cm~2 s~! (Ling & Wheaton
1989). Recent OSSE observations (Phlips et al. 1996)
resulted only in upper limits with values of <7 x 107°
cm ™% s ! for a narrow 511 keV line and <2 x 104 cm™?
s~ ! for a broad feature at 511 keV.

Although an unified view for the X-ray spectra of BH
candidates and their spectral states has yet to be con-
structed, the qualitative picture seems to be quite clear.
Current popular models include an optically thick disk
component, a hot Comptonizing region (e.g., Haardt et al.
1993; Gierlinski et al. 1997), and/or an advection-
dominated accretion flow (e.g., Abramowicz et al. 1995;
Narayan & Yi 1995 and references therein). The spectral
changes are probably governed by the mass accretion rate
(e.g., Chen et al. 1995; Esin, McClintock, & Narayan 1997).

This picture, however, provides no explanation for the
observed y-ray emission (e.g., McConnell et al. 1997). The
hard MeV tail cannot be explained by standard Compton
models because they predict fluxes that are too small at
MeV energies; thus, another mechanism is required. The



COMBINED MODEL OF CYG X-1 429

models developed so far connect the y-ray emission with a
compact hot core (~400 keV or more) in the innermost part
of the accretion disk, which emits via bremsstrahlung,
Compton scattering, and annihilation (Liang & Dermer
1988; Skibo & Dermer 1995) or with n° production due to
collisions of ions with nearly virial temperature (e.g.,
Kolykhalov & Sunyaev 1979; Jourdain & Roques 1994). Li,
Kusunose, & Liang (1996) have shown that stochastic parti-
cle acceleration via wave-particle resonant interactions in
plasmas (~ 100 keV) around the BH could provide a supra-
thermal electron population and is able to reproduce the
hard-state MeV tail. The possibility of Comptonization in
the relativistic gas inflow near the BH horizon has been
discussed by Titarchuk & Zannias (1998).

We use the recent data obtained by three of four instru-
ments aboard CGRO to construct a model of Cyg X-1,
which describes its emission in a wide energy range, from
soft X-rays to MeV y-rays (Moskalenko, Collmar, & Schon-
felder 1997). Instead of a compact (pair-dominated) y-ray—
emitting region, we consider an optically thin and spatially
extended one surrounding the whole accretion disk. It pro-
duces y-rays via Comptonization, bremsstrahlung, and
positron annihilation. For the X-ray emission the corona-
disk model is retained.

In §2 we discuss the combined OSSE-BATSE-
COMPTEL spectrum of Cyg X-1. Our model and the
inferred results are described in §§ 3—4, and the implications
are discussed in § 5. The applied formalism is given in the
Appendices.

2. OBSERVATIONS

Since its launch in 1991, CGRO has observed Cyg X-1
several times. The time-averaged COMPTEL spectrum,
based on all observations between the CGRO Phases 1 and
3 (1991 April-1994 November), is shown in Figure 1
(McConnell et al. 1997) together with the nearly contempo-
raneous spectrum derived from BATSE (Ling et al. 1997).
The thick solid curve shows the best fit to the OSSE spec-
trum (0.06—-1 MeV) for all observations between 1991 April
and 1995 May (Phlips et al. 1996). The best-fit parameters
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FiG. 1.—Average spectrum of Cyg X-1 (diamonds) based on all
COMPTEL CGRO Phase 1-3 observations (McConnell et al. 1997).
Crosses represent the almost contemporaneous BATSE data (Ling et al.
1997). The solid curve represents the best fit to the time-averaged OSSE
spectrum containing 122 days of observation time (Phlips et al. 1996).

for a power-law model with an exponential cutoff are a
power-law photon index of I' = 1.39, a cutoff energy E, =
158 keV, and a normalization intensity of 0.470 photons
cm 2 s7! MeV~! at 0.1 MeV. The COMPTEL data
provide evidence for a hard power-law tail extending up to
at least 3 MeV.

Although the OSSE and BATSE spectra have similar
shapes, their intensity normalizations are different by a
factor of ~2 (Fig. 1). The discrepancy is largest at the
highest energies, around 1 MeV. The COMPTEL measure-
ments lie in between OSSE and BATSE. Although there is
no way of deducing the exact spectral shape in this region,
the total spectrum is probably smooth, without bumps,
which is illustrated by the three individual spectra. Possible
reasons for this discrepancy have been discussed by
McConnell et al. (1997). For our further analyses we will use
the combined BATSE-COMPTEL spectrum.

Table 1 lists the average luminosities of Cyg X-1 for
various energy bands. The values are derived from the com-
bined BATSE-COMPTEL spectrum assuming a source dis-
tance of 2.5 kpc. The total luminosity is between 1% and
10% of the Eddington luminosity,

m,c _ M
Lggq = 4nGM G—I’T ~ 1.25 x 10*° ergs s 1<10 M@>’ 1

where o is the Thomson cross section.

3. THE MODEL

The existence of a compact, pair-dominated core around
the BH in Cyg X-1 is unlikely in view of the CGRO obser-
vations. The signature of such a core would be a bump
(Liang & Dermer 1988; Liang 1990) similar to the one
reported by HEAO 3. However, no evidence for such a
bump was detected by CGRO (Phlips et al. 1996;
McConnell et al. 1997). In addition, the luminosity of Cyg
X-1 above ~0.5 MeV, though small, would substantially
exceed the Eddington luminosity for pairs, which is ~ 2000
times lower than that for a hydrogen plasma. On the other
hand, the hard MeV tail observed by COMPTEL cannot be
explained by Comptonization in a corona of kT ~ 100 keV,
and therefore another mechanism is required.

Our study is an attempt to extend the “standard” disk-
corona model, which has been shown to work quite well at
X-ray energies (e.g., Gierlinski et al. 1997; Dove et al. 1997),
by including the processes of y-ray emission. We investigate
the proton-dominated, optically thin solution (Svensson
1984), ® = kT/m,c* < 1, where the y-ray emission is attrib-
uted to a spatially extended cloud surrounding the whole
accretion disk (Fig. 2), the outer corona, which emits via
bremsstrahlung, Comptonization, and positron annihi-
lation. We concentrate on the hard X-ray to y-ray part of
the spectrum, and thus we bring into consideration the
aforementioned processes as well as Comptonization of the

TABLE 1

LumiNnosiTy ofF CYG X-1

Energy Band Luminosity
(MeV) (10% ergs s™%)

>002........ 26.0

0.02-0.2...... 20.5

02-1......... 4.8

= O 0.6
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F1G. 2—Schematic view illustrating the model

soft X-ray disk emission in the “standard” inner corona.
The optical depth of the outer corona has to be small
enough to avoid effective reprocessing of the emission from
the disk and the inner corona. The soft X-rays consist of
two components, the local blackbody emission from the
disk plus the reflected spectrum. At energies above =30
keV, the former is negligible and the latter is only of minor
importance. Therefore, we neglect both components at the
moment and leave the detailed spectral modeling until the
discrepancy in the intensity normalization of the OSSE and
BATSE spectra has been resolved. However, the effective
temperature of the soft excess is used in calculations of
Comptonization in the inner and outer coronae, and the
estimate of the total soft X-ray luminosity is provided to
match the observed value.

Our idea is that the electrons in the outer corona (which
is optically very thin) are relativistic. The heating mecha-
nism is not specified, but people usually refer to stochastic
acceleration (Li, Kusunose, & Liang 1996), MHD turbu-
lence in the inner corona (Li & Miller 1997), and plasma
instabilities in magnetized advection-dominated accretion
flows (Bisnovatyi-Kogan & Lovelace 1997). These mecha-
nisms are likely to heat mainly electrons and so can provide
a population of energetic particles. We further show (see § 5)
that the mean free path of these electrons in the outer
corona is of the same order as its size. Because there is no
mechanism to confine energetic electrons (and pairs if they
exist) except for reasons of charge conservation, they can
move freely inside the outer corona providing the same
temperature for the whole plasma volume. Additionally, the
electron cooling in a thermal plasma at low number density
and small optical depth is not very efficient.

We do not consider the process of n° production in
p-p collisions. Although it could be important at a few
Schwarzschild radii (where the energy of protons is nearly
virial), it is unimportant at tens to hundreds of Schwarzs-
child radii, which is the characteristic size of the outer
corona. The protons in the accreting flow far from the BH
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horizon should be cold, since the gravitational forces are
quite weak there, and thus the viscous heating in the disk is
negligible. The energy transfer due to the Coulomb coup-
ling with the hot electrons is also not efficient.

3.1. The Fitting Parameters

A set of eight fitting parameters was chosen: kT, t;, kT,
and t,, the temperature and optical depth of the inner (i)
and the outer (o) coronae, which are assumed to be spheres;
L¥;,, the luminosity of the disk which is effectively Com-
ptonized by the inner corona; Ly, the total effective soft
X-ray luminosity of the central source illuminating the
outer corona; R, the outer corona radius; and Z = n,/n,,
the positron-to-proton ratio in it.

The formulae to calculate the bremsstrahlung, annihi-
lation, and Comptonization emissivities are given in the
Appendices. The accretion disk spectrum, which is further
reprocessed by the inner and outer coronae, was taken to be
monoenergetic with an energy E, = 1.6kT,, corresponding
to the maximum of the Planck distribution, where kT, =
0.13 keV is the effective temperature of the soft excess
(Batucinska-Church et al. 1995).

The bremsstrahlung and annihilation photon fluxes from
the outer corona are proportional to R*n; n;, where n; ; are
the number densities of the plasma particles (see eqs. [A1]
and [A3]). Thus, if the annihilation contributes signifi-
cantly, there is a continuum of solutions given by the set of
equations

Ri;Z(1 +2) const
oX(1 + 22> ’

7, = oy Rn,(1 + 2Z) = const , 2
where kT, is fixed, n, is the proton number density and
Z(1 + Z)/(1 + 2Z)? varies slowly for Z = 0.5 (therefore, the
fitting procedure is not very sensitive to this parameter). If

only a negligible positron fraction is present, the continuum
of solutions is defined by

R’n_n, =Rn2Z(1+ Z) =

7, = Rn, 01 = const , 3)

where kT, is fixed, R < R,,,, and R,,, is fixed from the
fitting procedure.

4. RESULTS

The observed spectra of Cyg X-1 are shown in Figures 3
and 4 together with our model calculations. The Com-
ptonized spectrum from the outer corona is only shown up
to 3 MeV because of two reasons: the measurements above
consist of upper limits only, and up to this energy our
approximation (see Appendix A, § A2) has been tested to
agree reasonably with Monte Carlo simulations. The best-
fit parameters of our model are listed in Table 2. Two sets of
parameters with the same y? are shown? for comparison,
indicating that several solutions are possible. We consider
the first one (I), however, to be more physical.

The average BATSE-COMPTEL spectrum probably
corresponds to the “normal” (low) state of Cyg X-1. Only
two components contribute: the Comptonized emission
from the inner coronae and that from the outer coronae.
Bremsstrahlung is of minor importance. By comparing set I

2 The value of x2 cannot be used for the likelihood criterion estimates
here, mainly because of the uncertainty in the relative normalization of the
OSSE, BATSE, and COMPTEL data.
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F1G. 3—Upper panel: Calculated Cyg X-1 spectrum together with the
data points, which are the same as in Fig. 1. Central and lower panels:
HEAO 3 y, and y, spectra (Ling et al. 1987). In all panels, the thin solid
lines represent our model fitted for the parameter sets I. The individual
spectral components are the annihilation line (dotted line), e-e, e*-¢~, e-p
bremsstrahlung (dash-dotted line), and the Comptonized spectra from the
inner and outer coronae (dashed lines). The Comptonized spectra from the
outer corona are shown up to 3 MeV, up to which the approximation used
agrees with Monte Carlo simulations and also where significant data
points are available.

and II, one can see that a smaller optical depth of the outer
corona corresponds to a higher temperature. The param-
eters obtained for the HEAO 3 y, state are similar, although
the spectral upper limits at high energies (=1 MeV) allow
some positron fraction (set II).

The HEAO 3 vy, “bump” spectrum has not been con-
firmed so far, but if true, it corresponds in our model to an
outer corona size that is several times larger than in the
“normal” state, when the inner corona is small or even
absent (set I). A nonnegligible positron fraction (for R, n,, Z
dependence see eq. [2]) is too large to be produced in the
optically thin outer corona (Svensson 1984). Therefore, we
suggest a positron production mechanism (i.e., pair pro-
duction in y-y, y-particle, or particle-particle collisions),
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Fi1G. 4—Same as in Fig. 3, but for parameter sets II (see Table 2)

which might sometimes operate in the inner disk. The radi-
ation pressure would necessarily cause a pair wind, which
serves as energy input into the outer corona and thereby
enlarging its radius. Note that matter outflows were found
in many accreting binaries. At least two systems, 1E
1740.7—2942 and Nova Muscae, provide clear evidence for
pair plasma streams (for a discussion see Moskalenko &
Jourdain 1997a, 1997b).

A small disk luminosity of L¥;, ~ 103° ergs s~ !, which is
Comptonized by the inner corona, probably implies a
geometry where only the inner part of the disk is effectively
covered by the corona, which means that most of the soft
X-ray photons can escape and reach the observer. The
covering factor is estimated to be ~0.18 by applying a value
of 4.7 x 10%® ergs s~ ! for the total observed luminosity of
the soft excess (Batucinska-Church et al. 1995, for a distance
of 2.5 kpc). This value agrees well with a covering factor
<0.2 obtained by Dove et al. (1997) from self-consistent
Monte Carlo modeling of the corona-disk structure. A slab
(plane-parallel) corona-disk geometry is not capable of
reproducing the observed broadband X-ray spectrum of
Cyg X-1 (Gierlinski et al. 1997; Dove et al. 1997).
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TABLE 2
THE “BEST-FIT ” MODEL PARAMETERS

CGRO PHASE 1-3

HEAO 3 y,-STATE HEAO 3 y,-STATE

PARAMETERS I 11 1 II I* 11
Soft X-ray luminosity, L., (103¢ ergs s™%) ........... 9.0 8.0 10.6 10.7 9.8 7.9
i-Corona temperature, kT, (keV) ...............cooeeee 76.7 79.7 95 94.9 93.0
i-Corona optical depth, 7, ............ooooiiiiiian.. 2.39 223 141 142 1.44
LE(10%° ergs s™1) . iuiniiiiiiiiiiiieiee e 0.73 0.84 1.96 1.95 0.51
0-Corona temperature, kT, (keV) ............coo.eeeee. 396 436 450 448 346 361
0-Corona optical depth, 7,..........c..ooooiiiiiii 0.06 0.05 0.056 0.056 0.12 0.10
0-Corona radius, R (108 cm)® ............covenenennn. <100 <100 <100 150 391 812
Positron-to-proton ratio, Z° ...................eneen. 0 0 0 1.0 1.0 0.5
Proton number density, ,, (10'® cm™3)°.............. =900 =750 =840 187 154 93
Accretion disk radius, R, (108 cm)..................... 1 1 1
511 keV line flux, I, (10~° photons cm ™2 s~ %)°...... 0 0 0 0.18 0.15 0.04
L s 40 39 14 14 0.9 0.9

2 The inner corona is small or even absent.
b For R, n,, Z dependence see egs. (2) and (3).

¢ The narrow annihilation line flux from the disk (eq. [A4]) as calculated for the given R,.

Such a picture is supported by X-ray observations. The
OSSE correlation analysis of source temperature (defined
from the thin thermal bremsstrahlung model) versus 45-140
keV intensity (Phlips et al. 1996) showed that the source
temperature and the intensity vary only within a limited
range: ~130-170 keV and ~0.07-0.12 photons cm ™2 s~ ?,
with few low-temperature, low-amplitude exceptions. A
similar behavior of the best-fit bremsstrahlung temperature
versus hard X-ray luminosity (40-200 keV) has been found
by Kuznetsov et al. (1997) from the analysis of the entire
dataset of the Granat/SIGMA observations of Cyg X-1 col-
lected between 1990 and 1994.

The soft X-ray (< 10 keV) luminosity of Cyg X-1 is on the
average ~8.5 x 1036 ergs s ! (e.g., Liang & Nolan 1984;
Ebisawa et al. 1996). During the HEAO 3 y, and y, states it
was even lower (Ling et al. 1987). Taking into account that
for the hard X-ray photons the Comptonization efficiency
in the hot plasma drops substantially (e.g., Hua & Titar-
chuk 1995) and the number of photons decreases as well,
the values of Ly ~ 10°7 ergs s~! we obtain match the
observational results.

No pairs are required to reproduce the spectrum of Cyg
X-1 in its normal state. If one takes an annihilation line flux
of I, ~ 44 x 10~* photons cm~? s~ ! (Ling & Wheaton
1989) in the y, state, the accretion disk radius is estimated to
be R; ~ 1.7 x 10° c¢cm (eq. [A4], set I). The upper limit
allowed by optical measurements is R; ~ 6 x 10° cm (M/10
M) (Liang & Nolan 1984), while the effective radius of the
soft X-ray—emitting region of the disk is ~4.6 x 107 cm
(Batucinska-Church et al. 1995).

Our calculations show that the presented model is consis-
tent with the available observations of the Cyg X-1 system
and is able to reproduce the observed spectra well. A more
detailed study, however, would require a solution of the
discrepancy in the intensity normalization between the
OSSE and BATSE data and further Monte Carlo modeling.

5. DISCUSSION

We have calculated the radiation from Cyg X-1 self-
consistently assuming that the hot, optically thin outer
corona exists. A mechanism of its maintenance was not
specified in our model (so it is not totally self-consistent),
but the energy required to maintain such a corona is quite
small and could be provided by a turbulent mechanism,

stochastic particle acceleration, and/or diffusion of high-
energy electrons from the inner disk (e.g., see Li, Kusunose,
& Liang 1996 and references therein). A relevant example is
the solar corona of ~10° K (although its energetic contents
is low), compared to 6000 K of the Sun’s effective tem-
perature; but a direct scaling to a BH is not appropriate
here. In this section we discuss the physical conditions in
the outer corona—i.e., diffusion of electrons and the cooling
mechanisms—while we do not touch its origin.

To treat the diffusion of energetic electrons in the outer
corona, we consider the transport cross section for e-e scat-
tering. This (1) allows us to exclude unimportant scattering
at small angles dominating in Coulomb interactions and (2)
provides us with a correct estimate of the typical cross
section, since the e-p collisions in a hot plasma are of minor
importance compared to e-e collisions.

The transport cross section o,, (see Appendix) for elec-
trons in a hydrogen plasma of ® = 0.2, 0.6, 0.8, and 1.0 is
shown in Figure 5. Although the value of o, for particles
with a Lorentz factor y ~2 is much larger than the
Thomson cross section, the corresponding mean free path

o, barn

Lorentz factor, vy

F1G. 5—Transport cross section for electrons in a hydrogen plasma vs.
the Lorentz factor of a particle. The individual lines correspond to the
plasma temperatures (from top to bottom): ® = 0.2, 0.6, 0.8, 1.0. For com-
parison the Thomson cross section o is also shown.
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FI1G. 6.—Upper panel: Total cooling rate due to the Compton scat-
tering as function of the plasma temperature for several values of the
optical depth (eq. [B4]). Lower panel: Cooling rates due to the electron
bremsstrahlung w,, + w,, (ER, NR) and Coulomb coupling with cold
protons vs. plasma temperature (Z = 0; see Appendix). For the Compton
scattering shown are the average cooling rates calculated for R = 10'° cm,
where the line styles and the optical depths correspond to these in the
upper panel.

of electrons is close to the radius of the outer corona. This
allows electrons to pass freely and therefore provides the
same temperature for the whole plasma volume. Positrons,
if produced somewhere, can also homogeneously fill the
plasma volume. The annihilation timescale is given by
(Svensson 1982)

1
ty= —— [1 +20*In"!(1.120 + 1.3)],
r, cn

e —

Q)

12 -3
£(® ~ 1) ~ 400 S<M> .

For the parameters listed in Table 2, t, is of the order of
hundreds of seconds.

The relevant cooling rates for electrons in a pure hydro-
gen plasma Z = 0 (see Appendix) are shown in Figure 6
(lower panel). The rates are divided by n2; the Coulomb
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logarithm was taken as a constant of In A = 20. For com-
parison we show the average Compton energy losses per
unit volume (divided by nl), weyn, > = Weun,

x 3/(4nR3) = W¢, x 3 o'T/(4nR12) (see eq. [3]) calculated
for L., = 1037 ergs s~ 1, 7, = 0.04, 0.05, 0.06, and R = 10'°
cm. Clearly the average Comptonization losses (for 7, fixed)
depend on the radius of the outer corona and, for ® = 0.4
and the parameters adopted, substantially dominate
bremsstrahlung losses and losses due to the Coulomb coup-
ling with cold protons. On the other hand, their total value
is not too high, of the order of L, (upper panel), which is
about 10%-20% of the total luminosity.

The average value of the Compton energy losses of an
electron in the outer corona can be estimated as dE/dt =
Wew/N, where N = 4nt, R%/3 o7 is the total number of elec-
trons in the outer corona. Taking the corresponding
numerical values (Table 2), Wi, ~ L. ~ 1037 ergs s~ 1,
7, ~ 0.5, R = 10'° cm, one can obtain dE/dt ~ 200 keV s~ 1.
The appropriate timescale for an electron of y ~ 2 is a few
seconds, which is long compared to the R/c < 1 s the parti-
cle needs to cross the outer corona.

6. CONCLUSION

The data obtained recently by the CGRO instruments
allow us to construct a model of Cyg X-1 that describes its
emission from soft X-rays to MeV y-rays self-consistently.
This model is based on the suggestion that the y-ray—
emitting region is a hot, optically thin, spatially extended,
proton-dominated cloud, the outer corona. The emission
mechanisms are bremsstrahlung, Comptonization, and
positron annihilation. For X-rays, a standard corona-disk
model is applied.

The CGRO spectrum of Cyg X-1 accumulated over a ~4
year period between 1991 and 1995, as well as the HEAO 3
y, and 7, spectra can be well represented by our model. The
derived parameters also match the basic results of the X-ray
observations. A fine-tuning of the model would require
further Monte Carlo simulations and more accurate spec-
tral measurements. In this respect, the solution of the dis-
crepancy between the OSSE and BATSE normalizations
would be of particular importance.

We thank the referee for useful comments. Discussions
with R. Narayan, L. Titarchuk, and M. Gilfanov are greatly
acknowledged. We are particularly grateful to M. McCon-
nell for providing us with the combined spectra of Cyg X-1
prior to publication, and E. Churazov for Monte Carlo
simulations of Comptonization in ® ~ 1, 7= 0.1-0.05
plasma.

APPENDIX A

RADIATION FROM A THERMAL PLASMA

For a thermal plasma consisting of electrons, positrons, and protons at mildly relativistic temperatures (kT < m, c?), the
main radiation processes are bremsstrahlung, electron-positron annihilation, and Compton scattering.

Al. BREMSSTRAHLUNG

The bremsstrahlung emissivities, the number of photons emitted per unit time, per unit volume, and per unit energy

interval, can be represented by the form
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—¢/®
Sife, KT) oc mm; “— gife, KT), (A1)

where ¢ = E/m, c? is the dimensionless photon energy, ® = kT/m, c* is the dimensionless plasma temperature, and n; ; with
i=(",e"),j= (e, e", p) are the corresponding number densities. Accurate numerical fits for the Gaunt factors g,,(¢, kT)
and g...-(¢, kT) in an appropriate energy range have been given by Stepney & Guilbert (1983) and Haug (1987), respectively.
The e-p bremsstrahlung emissivity can be calculated by the one fold integration (e.g., see Stepney & Guilbert 1983). The
approximations of the Gaunt factors g, (e, kT) have also been constructed by Skibo et al. (1995).

A2. COMPTONIZATION

To calculate the effect of Compton scattering in a medium of kT ~ 100 keV, we follow the model by Sunyaev & Titarchuk
(1980) with corrections made by Titarchuk (1994) and Hua & Titarchuk (1995). The total number of photons emerging from
the plasma cloud per unit energy interval and per unit time is given by

Fv(xa xO)Lsoft
EE,

where x = E/kT, x, = Ey/kT, E is the photon energy, E, is the energy of soft photons injected into the plasma, L, is the
luminosity of the soft photon source, and F (x, x,) is the emergent spectrum represented by the Green’s function (Hua &
Titarchuk 1995).

The results of the Hua & Titarchuk (1995) model are generally in a good agreement with Monte Carlo simulations except at
high temperatures, ® ~ 1, and small optical depth, 7 ~ 0.1-0.05 (Skibo et al. 1995). However, it still provides the correct
spectral index. We found that the disagreement is mainly due to the steeper tail and the overall normalization, which is
overestimated by the model. A simple power law with an exponential cutoff, oc(E,/E)***(1 — e *T/F), where o is determined
by the transcendental equation (Titarchuk & Lyubarskij 1995), gives a reasonable agreement with simulations up to ~3
MeV. The chosen normalization provides the correct value of the amplification factor (see eq. [B4]).

F(E, kT) = Xo<1l, x<x, (A2)

A3. ANNIHILATION

The emissivity of a thermal plasma due to the electron-positron annihilation is (Dermer 1984)

n_n,c
kTKZ%(1/®)

where K, is the modified Bessel function of the second kind and of order n, y, is the relative Lorentz factor of the colliding
particles (invariant), and o (,) is the annihilation cross section (Jauch & Rohrlich 1976).

The near-Earth intensity of the narrow annihilation line from the disk plane can be estimated by the assumption that all
positrons that hit the disk annihilate in it (two annihilation photons per positron):

Sie, kT) = e+ 120 f a3, — Ve ">%0,(3,), (A3)
1

n, c R?
I, ~ % D_; cos iy , (A4

where n . is the number density of positrons in the outer corona and 4n, c is the flux density toward the disk surface, R, is the
disk radius, D = 2.5 kpc is the distance, and i, is the inclination angle of the disk plane (i; ~ 40°; Liang & Nolan 1984).

APPENDIX B
COOLING OF ELECTRONS

The electron cooling in a thermal plasma at low number density and small optical depth is not very effective. The main
channels are bremsstrahlung, Comptonization, and Coulomb interactions with ions (mainly protons).

B1. BREMSSTRAHLUNG

For a pure hydrogen plasma the e-p bremsstrahlung luminosity dominates the e-e bremsstrahlung luminosity in the
nonrelativistic limit, while at relativistic energies, ® = 0.5, the e-e bremsstrahlung dominates. The total energy emitted per
unit volume of plasma electrons by e-p plus e -e~ bremsstrahlung in the nonrelativistic limit, ® < 1, is

128
312

(Haug 1985), where o, = 1/137 is the fine-structure constant, and r, is the classical electron radius. The total energy emitted by
e-e plus e*-e~ bremsstrahlung at the extreme-relativistic energies, ® 2 1,is given by

WER = 240,12 m, c*n2(1 + 2Z)*@[In (20) — 0.5772 + 5/4] (B2)

1
o r2m,cn2 /O [W (1+22)+ 21+ Z)] (B1)

NR NR
Wep + Were- R
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(Alexanian 1968 ; Haug 1985), and that for e-p bremsstrahlung is
Wen = 120,72 m,c*n’(1 + 2Z)O[In (20) — 0.5772 + 3/2] (B3)
(von Stickforth 1961; Haug 1975).

B2. COMPTON COOLING

An expression for the total energy losses of a plasma volume via Comptonization has been given by Dermer, Liang, &

Canfield (1991):
B P(A 1) X0\~ 1—-InP/ln4
I/VCm - Lsoft 1—PA |:1 - < 3 ) s (B4)

K4(1/0)
K,(1/0)’

Xxo = E/kT (see eq. [A2]), and L, is the luminosity of the soft photon source. For © < 1 and x, < 1, equation (B4) is almost
exact. The luminosity enhancement factor is given by # = L/L s, = 1 + Wy /Lo

where

P=1—c7, A=1+40

(BS)

B3. COULOMB COUPLING WITH PROTONS

Stepney & Guilbert (1983) derived a general expression for the rate of energy transfer between populations of protons and
electrons with Maxwellian distributions:

m kT, — kT, 0.+ 0 20, +0,)*+1 0.+ 06
— 4 2 on2(1 + 2Z)InA —— 2| oK (S e SR §f B6
o =47, e cm(l +22)In K2(1/®e>K2(1/®,,)[ ( 0.0, ) " e.+e, Xlee, /)|r ®

where In A is the Coulomb logarithm, ®, = kT,/m,c? and ®, = kT,/m,c* are the dimensionless electron and proton tem-
peratures. The expression is symmetrical with respect to the electron and proton temperatures. In the limit of cold protons,
®, — 0, equation (B6) reduces to

2 202 +20, + 1
Wo =4 i mrZc*n?(l + 2Z)InA 29 + 20, + 1

m, K(1/0,) ®7)

APPENDIX C
TRANSPORT CROSS SECTION

Scattering at very small angles dominates in the Coulomb cross section, which reflects the long-range nature of the
Coulomb interaction. However, for the diffusion process in plasma, small scattering angles are not very important. Addi-
tionally the e-p collisions are of minor importance compared to e-e collisions. We therefore restrict ourselves by considering
the transport cross section only for e-e scattering, which provides us with an estimate on typical values of the relevant cross
sections.

The transport cross section for a test electron is defined by

V-1 d «/
oulrm) = | #ps ¥ 1(p) fdsz(l —cos 0) 92 = | @p, Y- 1(py fdﬂ*(l ~cos 0) S0

where f,, y; are the dimensionless speed and the Lorentz factor of the test partlcle, f(p,) is the Maxwell-Boltzmann
distribution, p, = y,f, is the momentum of the plasma particles, do/dQ is the differential cross section of the Coulomb
scattering (Jauch & Rohrlich 1976), and the asterisk marks the center-of-mass system (CMS) variables. The scattering angle,
expressed in CMS variables, is cos 0 = (B, + cos 6%)/(1 + B, cos 6%), where B, 7. = (y; + 7,)/[2(y, + 1)]*/* are the speed and
Lorentz factor of the CMS relative to the laboratory system. Changing to the integration variables y, and y,, we obtain

(€1)

e} yt
_ 2 _ 1)1z ~ —72/© 5
O-tr(’yls ®) 2ﬂ1 y% ®K2(1/®) J; dyr(yr ) J; d’yZ atr(}’r, yc)e B (C )
where y* =y, (1 £+ B,5,), and
cos 0%
~ r B. + cos 0* do*
= *( 1 —

7l 79 J;os Oar dicos 0 )<1 1+ B, cos 0* ) d(cos 0*) ©3

is the transport cross section for scattering angles 0* greater than the limiting angle 6f — 0, where 0% = n/2 for Moller
scattering and 63, = = for Bhabha scattering.
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For Moller scattering, the expression is

4mr? y2

2(1 -8

- _ 2 s o (148
e 1”“( 2 >+

1+ 8,

mA+m¢5+q

1 1 1
+—err 1 [(E— S)In(l +ﬁ”)_E+4ln2+ 1] (C4)

The mean free path of a test electron in a thermal plasma would be

B1
Myy; Q) = ————. (6%)
015 ©) n_o(y1; 0) ©
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Note added in proof —Recently, the discrepancy between the OSSE and BATSE spectra of Cyg X-1 in the hard state has
been largely resolved by excluding from the averaging procedure those viewing periods for which OSSE measured a very low
hard X-ray flux (M. McConnell et al., in preparation [1998]). While the BATSE and COMPTEL spectra remain essentially
unchanged, the OSSE spectrum rose in flux and is now consistent with the average BATSE spectrum.



